Phosphorylation of a protein (or proteins) of molecular weight 120,000 in the Aplysia abdominal ganglion, as measured by incorporation of [1PI or [3Pisodium phosphate in vitro followed by separation of the phosphoproteins on sodium dodecyl sulfate-polyacrylamide gels, was specifically stimulated by incubation in the presence of the putative neurotransmitters octopamine or serotonin. The stimulatory effect of octopamine and serotonin was inhibited, by phentolamine and methysergide, respectively, and was mimicked by incubation in the presence of dibutyryl cyclic AMP. Label-chase experiments indicated that the difference between control and octopamine-treated ganglia persists for several hours after removal of the drug from the incubation medium. This result suggests that neurotransmitters may produce relatively long-lasting changes in a phosphoprotein in the ganglion, perhaps in postsynaptic cells.
It has been recognized for some time that invertebrate nervous systems are particularly well suited for neurophysiological studies of synaptic function. In particular the abdominal (or parieto-visceral) ganglion of the marine gastropod mollusc Aplysia californica has been popular among neurophysiologists (for review see ref. 1) , since its large nerve cells are readily identifiable from one animal to the next, and are easily penetrated by microelectrodes. Although the small amount of tissue in these ganglia limits their usefulness for some biochemical studies, the sustained viability of the ganglion cells in organ culture makes this preparation useful for studies in vitro that attempt to relate biochemical changes with neurophysiological events.
Recently, Cedar and Schwartz (2) reported that incubation of the abdominal ganglion in the presence of neurotransmitters leads to an elevation of the ganglionic level of adenosine 3': 5'-cyclic monophosphate (cyclic AMP). In view of the suggestion by Greengard et al. (3) that many effects of cyclic AMP may be mediated by activating protein kinases that phosphorylate specific proteins, we investigated the effect of putative neurotransmitters on protein phosphorylation in the abdominal ganglion. The results indicate that octopamine and serotonin markedly stimulate the phosphorylation of a specific protein (or proteins) of molecular weight 120,000, apparently by elevating the levels of cyclic AMP. The a-adrenergic antagonist, phentolamine (4) , and the serotonin-blocking agent, methysergide (5) , prevented the effects of octopamine and serotonin, respectively. Dibutyryl cyclic AMP stimulated phosphorylation of-the same protein band, but its effects were not blocked by these antagonists.
MATERIALS AND METHODS Aplysia californica were gathered from tidal pools along the coast of southern California, and were maintained in large 1145 tanks of sea water at approximately 150. The weights of the animals used in these experiments ranged from 120-280 g; within a given experiment, care was taken to match the weights of the donors of the control and experimental ganglia.
It is important to note that the phenomenon to be described below was observed consistently only in animals weighing less than 300 g, and never in animals weighing 600-1300 g.
The abdominal ganglion was removed and-the pleuro-abdominal connectives and peripheral nerves were cut proximal to the ganglion. Incubation was carried out at 150 in 1 ml of medium containing 460 mM NaCl, 10 mM KCl, 11 mM CaCl2, 55 mM MgCl2, 10 mM Tris -HCl (pH 7.4), 1% (w/v) glucose, 100 units/ml of both streptomycin and penicillin, and essential and nonessential amino acids at the concentrations in Eagle's minimal essential medium (6) . We have determined that incorporation of radioactive leucine and fucose into proteins and glycoproteins, respectively, is linear for at least 72 hr in this medium, indicating that the tissue remains viable during this time. Ganglia were preincubated in the medium for 30 min, and the reaction was initiated by the addition of Na2H-32PO4 (carrier-free, 1 mCi/ml) or Na2H3"PO4 (carrier-free, 300 AOCi/ml), either alone or together with the drug under investigation. Theophylline (3 mM) was added to both the control and the experimental beakers at the start of the incubation. After 22 hr of incubation, a control and an experimental ganglion were homogenized together in a glass-Teflon homogenizer inl 1 ml of 10 mM sodium phosphate, pH 6.4. The conditions were such that the connective tissue sheath surrounding the ganglion remained essentially intact and could be removed from the homogenate with forceps, whereas the ganglionic tissue was squeezed out from within the sheath and was thoroughly homogenized. An equal volume of 10% trichloroacetic acid was added to the homogenate, and the resulting precipitate was collected 'by centrifugation, washed twice with 5% trichloroacetic acid, and extracted with acetone (7) and chloroform-methanol (8) The precipitate derived from the RNase treatment was washed twice with 5% trichloroacetic acid and once with ether, and was dissolved in a buffer containing sodium dodecyl sulfate (9) for electrophoresis in Na-dodecyl sulfate-polyacrylamide gels. The gels contained either 15% acrylamide crosslinked with ethylene diacrylate to allow easy solubilization of gel slices after electrophoresis (10), or 10% acrylamide crosslinked with bis-acrylamide. The two gel types are approximately equivalent in porosity, and gave identical results, although the bis-acrylamide gels were somewhat more effective in resolving individual phosphoprotein bands. Most of the data presented here were obtained by the latter system. The details of the electrophoretic procedures, with ethylene diacrylate, as well as the procedures for slicing the gels and counting the slices, have been described (9, 10) . For the bis-acrylamide gels, the counting procedures described by Ward et al. (11) were used. Counting was carried out in a Beckman LS-250 liquid scintillation spectrometer, and spill corrections were made by a Burroughs 6700 computer. Spill of 32p counts into the 3P channel was approximately 40%, and spill in the other direction was <0.2%. Molecular weight calibrations of the gels were made from the following standards: gammaglobulin (160,000), phosphorylase A (93,000), bovine-serum albumin (67,000), oyalbumin (45,000), chymotrypsinogen (25,000), and cytochrome c (12, 400) .
RESULTS
Incorporation of radioactive phosphate increased linearly for 72 hr under the incubation conditions used. Polyacrylamide gel electrophoresis of extracts from Aplysia abdominal ganglia incubated with 32p or 33P for 22 hr, revealed five major radioactive bands, ranging in molecular weight from 15,000 to 120,000 (Fig. 1 ). Because these bands were observed after extensive lipid extraction, they cannot be phospholipids, although lipids have been shown to behave like macromolecules with apparent molecular weights of 10,000-30,000 in similar Na dodecyl sulfate electrophoresis systems (7, 12) , and about 20% of the total incorporated radioactivity was found in lipids. Furthermore, as described in Methods, the radioactive bands cannot be attributed to RNA although about 40% of the total radioactivity incorporated by the ganglia was found in RNA. To determine if the radioactivity was associated with phosphoproteins, we incubated the product of the RNase treatment with 100,ug/ml of preincubated Pronase at 370 for 24 hr in 0.2 N sodium phosphate buffer, pH 6.4, then precipitated the product with trichloroacetic acid, solubilized it, and electrophoresed. Since less than 2% of the radioactivity of controls was found on the gels after this treatment, we conclude that the radioactivity found on the gels in the standard experiment is confined to phosphoproteins.
Addition of 0.1 mM octopamine to the incubation medium stimulated radioactive phosphate incorporation into a single phosphoprotein band (Fig. 1A) . The 32P (control) and the 38P (octopamine) labeling patterns were identical in most regions of the gel; however there was a large peak in the 33P/32P ratio in the 120,0Q0 molecular weight band. A similar peak in the 32P/33P ratio was observed when the experiment was repeated with the isotopes reversed. This result indicates that octopamine had markedly stimulated the phosphorylation of a protein acceptor (or acceptors) of this molecular weight, but had no detectable effect on the phosphorylation of other protein species. An identical result was obtained when 0.1 mM serotonin was added to the incubation medium in place of octopamnine. In control experiments, in which the 82P and 33P were added separately to ganglia incubated in the absence of drug, the two labeling patterns coincided throughout the gel ( Incubations were done as described in the text. After electrophoresis the ratio, experimental cpm/control cpm, was calculated for those points in the gel corresponding to molecular weights 120,000 and 50,000. The data represent the mean ±SEM for the number of experiments shown in parentheses.
* Significantly higher than controls (P <0.002, Mann-Whitney U test).
t Significantly lower than with amine alone (P < 0.002, MannWhitney U test). 1B), indicating that the stimulation illustrated in Fig. 1A is drug-induced and is not an artifact of the extraction or electrophoretic procedure.
To determine if the effect of octopamine might be mediated by its combination with an a-adrenergic receptor, we investigated the effects of phentolamine, an a-adrenergic blocking agent (4), on this phenomenon. Addition of 1 mM phentolamine together with octopamine completely inhibited the octopamine-mediated stimulation of phosphorylation of the high-molecular-weight acceptor (Fig. 2) . Similarly 1 mM methysergide, which blocks serotonergic transmission in invertebrates (5), inhibited the stimulatory effect of serotonin.
Since both octopamine (13) and serotonin (2, 13) have been shown to elevate cyclic AMP levels in invertebrate nervous tissue, and since protein kinases are known to be sensitive to the cyclic nucleotide (3), it was thought that cyclic AMP might mediate the actions of these drugs on protein phosphorylation in Aplysia. Accordingly ganglia were incubated in 82p in the presence of 2 mM dibutyryl cyclic AMP, and were compared with control ganglia incubated in 38p. The cyclic nucleotide stimulated phosphorylation of the 120,000 molecular weight protein to an even greater extent than did octopamine and serotonin (Fig. 3) , and addition of phentolamine or methysergide did not influence this result. These findings are consistent with the suggestion that the effects of the amines on protein phosphorylation are mediated by cyclic AMP. This is also suggested by the finding that the phosphodiesterase inhibitor, theophylline, although itself ineffective in changing the labeling patterns, was required to produce consistent results with the amines.
The results of a large series of experiments confirmed these findings (Table 1) . Here the ratio of experimental cpm to control cpm at that point in the gel corresponding to molecular weight 120,000 is compared with the ratio at an arbitrarily chosen point corresponding to molecular weight 50,000. It is evident that incubation in the presence of octopamine, serotonin, or dibutyryl cyclic AMP significantly increased the ratio at molecular weight 120,000 relative to controls (P <0.002, Mann-Whitney U test), whereas in no experiment did the ratio at molecular weight 50,000 differ significantly from the control value. In contrast, when phentolamine or methysergide was added to the samples incubated with octopamine or serotonin, respectively, the ratio of experimental/control at molecular weight 120,000 was significantly less than that for octopamine or serotonin alone (P <0.002). In experiments in which incubations were conducted for 1, 3, or 6 hr, no effects of octopamine, serotonin, or cyclic AMP were observed.
An attempt was made to determine whether the octopamine-induced difference in the labeling patterns was stable after removal of the drug from the incubation medium. In this experiment ganglia were incubated as usual in the presence or absence of octopamine, and after 22 hr the control ganglia were homogenized. The octopamine-treated ganglia were washed free of drug and isotope, and were incubated (chased) in fresh nonradioactive medium for periods ranging from 0-12-hr. At the appropriate times these ganglia were homogenized, and the homogenates were combined with the controls before extraction and electrophoresis. In the first hour after removal of the radioactive phosphate from the medium no further detectable incorporation was observed. Radioactivity in phosphoprotein declined thereafter with an apparent half-life of 90 hr, although some reutilization of radioactive phosphate probably occurred during this period. Radioactivity in the phosphoprotein whose phosphorylation was stimulated by octopamine declined more rapidly. We found that the octopamine-induced increase in phosphorylation of the 120,000-dalton protein disappears with a half-life of 4-5 hr in the absence of octopamine (Fig. 4) . Identical results were obtained when the chase was done in the presence of phentolamine to inhibit the activity of octopamine which may have remained in the tissue after the washing procedure. These results suggest that the 120,000-dalton phosphoprotein whose phosphorylation is stimulated by octopamine is more labile than phosphoproteins from whole ganglion, but remains phosphorylated for a substantial period of time. (18) , and the report that cyclic AMP stimulates phosphorylation of a specific protein in synaptic membrane fractions in vitro (19) .
The present results are the first demonstration that putative neurotransmitters may have relatively long-lasting effects on protein phosphorylation in nervous tissue. It is likely that cyclic AMP is involved in this phenomenon too, because the effect can be mimicked by incubation with the cyclic nucleotide and theophylline is required for consistent results. In addition, both serotonin and octopamine increased the levels of cyclic AMP in the A plysia abdominal ganglion after 22 hr of incubation (Levitan, Madsen, and Barondes, in preparation).
Although both serotonin (20, 21) and octopamine (Levitant Madsen, and Barondes, unpublished) are present in Aplysia nervous tissue, and there is evidence that serotonin may be a neurotransmitter in this system (22) , the site of the change in protein phosphorylation induced by these drugs cannot be determined from the present study. One (18) , is that the present results may represent a postsynaptic effect of octopamine and serotonin. Premature though it may be, it is tempting to speculate that relatively long-lasting changes in protein phosphorylation like those described herein may be involved in sustained changes in synaptic function.
